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Comparison of the spatiotemporal information delivered by ganglion cells with human psychophysical performance may give
insight to how retinal information is utilized by cortical mechanisms, and constrain models of spatiotemporal processing. Ganglion
cells’ responses were measured with drifting gratings of various spatial and temporal frequencies and contrasts. The spatiotemporal
precision of cell responses was estimated in terms of a noise measure and phase variation, and compared to human vernier per-
formance. Noise and phase variation of magnocellular (MC) cells was least at low temporal frequencies, despite their transient
responses. The patterns of spatiotemporal precision of MC cells resembled the patterns of human vernier thresholds while those of
parvocellular cells did not, implying use of MC cells’ signals in these tasks. The analysis further implied that cortical mechanisms
must perform a sophisticated spatiotemporal analysis over local ganglion cell arrays.
 2003 Elsevier Ltd. All rights reserved.
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The human visual system can precisely judge spatial
position; hyperacuity studies show that the visual system
can discriminate spatial positions of a few arcsec of vi-
sual angle (Klein & Levi, 1985; McKee, Welch, Taylor,
& Bowne, 1990; Westheimer, 1975; Westheimer &
McKee, 1977a, 1977b), which is much smaller than the
distance between two adjacent cones. For vernier tasks
with moving targets, the temporal precision inherent in
the judgement can be as small as 1–2 ms (Carney, Sil-
verstein, & Klein, 1995; Levi, 1996; R€uttiger & Lee,
2000; R€uttiger, Lee, & Sun, 2002). This degree of spa-
tiotemporal precision must be derived from the in-
formation contained in the impulse trains of retinal
ganglion cells. Spatiotemporal precision in impulse
trains will be dependent on receptive ﬁeld center size and
other factors. There is evidence that retinal ganglion* Corresponding author. Tel.: +1-212-780-4904; fax: +1-212-780-
5174.
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doi:10.1016/j.visres.2003.08.017cells can deliver reliable signals to shifts in image po-
sition much smaller than the center diameter (Lee,
Wehrhahn, Westheimer, & Kremers, 1995; R€uttiger
et al., 2002; Shapley & Victor, 1986). In a recent study
(R€uttiger et al., 2002), we considered spatial information
in ganglion cell’s responses to moving targets (bars and
gratings) of various speeds. We here analyze the spatial
information inherent in ganglion cell responses to
moving gratings in more detail.
Using high-contrast bar targets and drifting gratings
of ﬁxed spatial frequency and varied temporal fre-
quency, R€uttiger et al. found that, in parafovea, mag-
nocellular (MC) ganglion cells can deliver precise
spatiotemporal information at low target speeds despite
their transient properties. They also measured human
parafoveal vernier thresholds for the same targets and
found that the pattern of psychophysical vernier per-
formance resembles that of MC cell’s (but not parvo-
cellular (PC) cell’s) responses, which suggested this
information delivered by MC cells can be utilized by
central mechanisms. In an earlier investigation of grat-
ing vernier performance with foveal viewing, Levi (1996)
20 H. Sun et al. / Vision Research 44 (2004) 19–33measured psychophysical vernier thresholds over an
extensive range of spatial and temporal frequencies and
contrasts. When vernier thresholds were expressed in
terms of grating spatial phase shift, vernier thresholds
for diﬀerent spatial frequencies largely superimposed.
Levi also found that vernier thresholds plateau at high
contrasts at high but not at low temporal frequencies.
He proposed the diﬀerence is due to two diﬀerent un-
derlying mechanisms which may have their origin in the
MC and PC pathways. Here we test this hypothesis, and
seek a retinal correlate of Levi’s ﬁndings. We expand
R€uttiger et al.’s earlier work to an extended range of
spatial frequency, since MC and PC pathways are often
thought to be psychophysically dominant in diﬀerent
frequency ranges. Hence, a comparison of these path-
ways over spatial frequency is of interest.
The goal of the experiments described here is to deﬁne
the spatiotemporal precision inherent in ganglion cells’
signals. This is likely to be relevant for performance on a
variety of tasks other than the hyperacuities, e.g., judging
the trajectory of a moving target (Welch, MacLeod, &
McKee, 1997). We chose psychophysical vernier per-
formance for comparison with the physiological data,
since vernier performance has been extensively explored
psychophysically (reviewed by McKee, 1991) and so
provides a framework for comparison to physiology. We
do not suggest that vernier performance has a direct
retinal substrate, but that cortical mechanisms must in
some way extract vernier information from ganglion
cells’ spike trains; although there are several models of
vernier performance available (e.g., Morgan & Regan,
1987; Wilson, 1986), few consider the aﬀerent input in
physiological terms. A further aim of the current exper-
iments was to constrain such possible vernier models.
Ganglion cells’ responses to drifting gratings were
measured over a similar range of spatial and tempo-
ral frequency and contrast as Levi’s study, except that
spatial frequency was scaled to take into account the fact
that retinal recordings were obtained from parafoveal
rather than foveal retina. As a measure of spatiotem-
poral precision inherent in cellular responses, cycle-
by-cycle variability of responses was analysed using a
noise measure (Croner, Purpura, & Kaplan, 1993). Also,
variability in response phase was calculated for com-
parison to psychophysical vernier thresholds measured
under similar conditions in a parafoveal replication of
Levi’s study. As in the earlier study (R€uttiger et al.,
2002), MC cells yielded precise spatial information at
low temporal frequencies, and we show here that this
result is independent of grating spatial frequency. For
gratings of increasing contrast, the precision of MC cell
responses increased up to high contrasts. Psychophysical
performance showed a similar pattern to that of MC cell
responses. Ganglion cell responses to drifting gratings
were simulated with a spike-generating model (Reich,
Victor, & Knight, 1998; Reich, Victor, Knight, Ozaki, &Kaplan, 1997), and the simulated spike trains showed
similar properties to actual physiological data.
These results are consistent with the hypothesis that
vernier performance with these targets is predominantly
derived from responses within the MC pathway. The
results also show that the statistics of impulse trains of
ganglion cells must be considered when estimating the
cells’ roles in spatial tasks. However, it is not yet clear in
what manner central mechanisms can operate on these
signals. Some form of comparison of activity across the
ganglion cell mosaic would appear to be required.2. Methods
2.1. Physiology
2.1.1. Procedure
We recorded in vivo from the retinas of ﬁve anesthe-
tised macaque monkeys (M. fascicularis). The animals
were initially sedated with an intramuscular injection of
ketamine (10 mg/kg). Anesthesia was induced with so-
dium thiopental (10 mg/kg) and maintained with inhaled
isoﬂurane (0.2–2%) in a 70:30 N2O–O2 mixture. Local
anesthetic was applied to points of surgical intervention.
EEG and ECG were monitored continuously to ensure
animal health and adequate depth of anesthesia. Muscle
relaxation was maintained by a constant infusion of
gallamine triethiodide (5 mg/kg/h i.v.) with accompany-
ing dextrose Ringer solution (5 ml/kg/h). Body temper-
ature was kept close to 37.5. End tidal CO2 was adjusted
to close to 4% by adjusting the rate of respiration. Pro-
cedures conformed to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were
approved by the SUNY State College of Optometry
Animal Care and Use Committee.
Neuronal activity was recorded directly from retinal
ganglion cells by an electrode inserted through a cann-
ula entering the eye behind the limbus. The eyes were
sutured to a ring during preparation, which minimized
eye movements. During each condition of measurement,
any residual systematic drifts of response position could
be identiﬁed through the analysis technique. Occasional
systematic drifts of 1–2 arcmin were found, and we as-
sumed them to be due to residual eye movements. These
data were discarded. A 3 mm artiﬁcial pupil was rou-
tinely used. Gas-permeable contact lens of the appro-
priate power was used to bring stimuli into focus on the
retina.
2.1.2. Stimuli
Visual stimuli were generated via a VSG series 3
graphic controller (Cambridge Research Systems, UK)
and presented on a CRT monitor (Barco, frame rate 195
Hz) 2.26 m from the eye. Mean luminance of the
background was 40 cd/m2 and mean chromaticity was
H. Sun et al. / Vision Research 44 (2004) 19–33 21(0.45, 0.47) in CIE x, y coordinates. The stimulus was a
sinusoidal horizontal grating drifting vertically across
cell’s receptive ﬁeld. In Experiment 1, the contrast of the
gratings was ﬁxed at 90%. The temporal frequency was
varied from 0.5 to 26 Hz (0.54, 1.08, 2.17, 4.34, 8.68, 13,
17.4, 26 Hz) at spatial frequencies of 0.1, 0.2, 0.4, 0.8,
1.6, 3.2 cpd. In Experiment 2, the spatial frequency was
ﬁxed at 0.4 cpd. The contrast was varied from 0% to
80% (0%, 2.5%, 5%, 10%, 20%, 40%, 80%) at temporal
frequencies of 2.17, 4.34, 8.68, 13, 17.4 and 26 Hz. The
average luminance and chromaticity of the stimuli were
always identical to those of the background.
We recorded responses of macaque retinal ganglion
cells between 4 and 8 deg eccentricity. Cell identiﬁcation
was achieved through standard tests (Lee, Martin, &
Valberg, 1989). These included achromatic contrast
sensitivity and responses to lights of diﬀerent chro-
maticity. Additional tests (e.g., measuring responses
to heterochromatically modulated lights (Smith, Lee,
Pokorny, Martin, & Valberg, 1992)) were employed in
cases when identiﬁcation was diﬃcult. For each cell, the
locus of the receptive ﬁeld center was determined and
the stimulus movement was centered around this point.
Cell responses were recorded to gratings drifted across
the receptive ﬁeld at a series of temporal and spatial
frequencies and contrasts. Times of spike occurrence
were recorded to an accuracy of 0.1 ms and averaged
histograms were simultaneously accumulated. Numbers
of presentations were 20, 20, 20, 40, 40, 40, 40 and 60
cycles (for temporal frequencies 0.54, 1.08, 2.17, 4.34,
8.68, 13, 17.4 and 26 Hz respectively).
We did cycle-by-cycle Fourier analysis on the spike
trains and calculated noise, signal-to-noise ratio and
angular standard deviation. Details are given in Sec-
tion 3.
2.2. Psychophysics
2.2.1. Stimuli
The same display system as in the physiological ex-
periments was used. The viewing distance was 0.48 m.
The vernier stimulus consisted of two horizontal grat-
ings (each 6.33 · 20 arcdeg) separated horizontally by a
11 or 5 arcmin gap. The center of the stimuli, i.e., the
center of the gap between the grating pair, was presented
5 arcdeg to either the right or the left of the ﬁxation
point. During the 150 ms presentation, the gratings were
drifted randomly upwards or downwards. Except for the
diﬀerence in spatial structure due to the presentation of
two gratings, the luminance, chromaticity, temporal and
spatial frequencies, and contrast of the stimuli were the
same as in physiological experiments.
2.2.2. Procedure
Observers viewed the visual target monocularly and
pressed buttons to indicate which grating had an up-ward phase shift. A two-alternative forced-choice, ran-
domly-interleaved dual-staircase procedure was used.
Thresholds for 71% correct were estimated from stair-
case reversals and psychometric functions.
2.2.3. Observers
Two observers participated in the experiments. Ob-
server HS is one of the authors, and JK is a na€ıve ob-
server. Both observers have normal color vision as
assessed with Neitz Anomaloscope, Ishihara pseudo-
isochromatic plates and Farnsworth–Munsell 100-Hue
Test. Observer HS is myopic and wore contact lens
during experiments. Observer JK provided informed
written consent according to a protocol conforming to
the Declaration of Helsinki and approved by the SUNY
State College of Optometry Institutional Review Board.
2.3. Model simulation
The model is a simpliﬁed version of a Hodgkin–
Huxley model (Reich et al., 1997, 1998). Each neuron is
treated as a leaky integrate-and-ﬁre device. The mem-
brane potential V ðtÞ integrates over time, and a spike is
generated as soon as the membrane potential reaches
threshold Vth. The membrane potential is then reset to
zero after a spike is generated. A Poisson-distributed
random noise NðtÞ is added to the membrane potential
V ðtÞ. The mathematical description of the model is:
dV ðtÞ
dt
¼  V ðtÞ
s
þ RðxÞ  Sðx; tÞ þ NðtÞ ð1Þ
where V ðtÞ is the membrane potential, s is the time
constant of the membrane leak (s), RðxÞ is the cell’s re-
ceptive ﬁeld, Sðx; tÞ is the grating stimulus, NðtÞ is the
input Poisson noise shot (s1), t is time (s) and x is the
spatial coordinate. In the model, a cell’s receptive ﬁeld is
simpliﬁed as a single Gaussian function which represents
only the receptive ﬁeld center (Eq. (2)). Adding an in-
hibitory surround with similar temporal properties as
the center will scale the cell’s response but does not aﬀect
the overall results. RðxÞ is given by
RðxÞ ¼ k  eðx=rÞ2 ð2Þ
where r is the radius of the receptive ﬁeld center. It is set
at 5 arcmin, which is appropriate for a ganglion cell’s
center at 5 deg eccentricity (Crook, Lange-Malecki, Lee,
& Valberg, 1988; Derrington & Lennie, 1984). The
scaling factor k is adjusted to 0.1136 so that the total
area underneath the receptive ﬁeld RðxÞ is equal to 1.0.
Stimulus Sðx; tÞ is a drifting sinusoidal grating given by
Sðx; tÞ ¼ d þ c  cosð2pfxþ 2pwt þ wÞ ð3Þ
where d is the mean luminance level of the grating (s1),
c is the grating contrast (s1), f and w are the spatial
and temporal frequency of the drifting grating respec-
tively and w is the phase (rad). NðtÞ in Eq. (1) is a
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form size and random polarity. It is added to the
membrane potential V ðtÞ at each 0.1 ms step.
The model is a simple spike-generating model without
constraints in the temporal domain except for the time
constant of membrane leak s. It cannot create features
such as low-frequency roll-oﬀ that is observed in phys-
iological data. To compensate for this, we allowed the
grating contrast c to vary in order to obtain the ap-
propriate ﬁrst-harmonic amplitude roll-oﬀ at low tem-
poral frequencies (see Section 3). Time constant s,
threshold Vth, noise NðtÞ are free parameters in the
model simulation.
The spike trains of model simulation were subjected
to the same analyses as in physiological data.3. Results
We ﬁrst describe methods of data analysis, and con-
sider cycle-by-cycle variability (noise) of neuronal spike
trains as a function of temporal and spatial frequency
and contrast. We then show that these results are a di-
rect consequence of impulse statistics. Using this data
base, we attempt to relate the physiological data to
parafoveal psychophysical measurements. The physio-
logical data sample consisted of 25 MC cells and 25 PC
cells at 4–8 deg retinal eccentricity, although for some
cells complete data sets were not acquired.3.1. Methods of data analysis
Ganglion cell’s impulse trains in response to a drifting
grating vary from cycle to cycle. To estimate response
variability, responses to each cycle were Fourier ana-Fig. 1. Deﬁnition of noise and angular standard deviation and their relationsh
Fourier analysed; real and imaginary components are plotted in (a). Phase SD
distance and phase diﬀerence between the response in cycle i and the mean
amplitude with contrast, while the angular standard deviation decreases with
individual cycle responses are plotted for a given condition.lyzed. Fig. 1a shows the real and imaginary components
of individual responses of a MC cell to a 90% contrast,
0.4 cpd grating drifting at 2 Hz. Data points form a
radially symmetric cluster under these conditions. A
measure of variability, noise’, is calculated as in Croner
et al. (1993)
Noise ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
d2i
N  1
r
ð4Þ
where di is the distance between response to cycle i and
the mean response vector and N is the total number of
cycles. Croner et al. showed that noise remains constant
as response amplitude increases with contrast, and we
conﬁrmed their result, as shown in Fig. 1b. In the ex-
ample shown there is some decrease in the noise measure
at high contrasts, and this was frequently observed in
MC cells at low temporal frequencies. If one is con-
cerned with the spatiotemporal variation in a cell’s sig-
nal, variability in response phase is the pertinent
parameter. Angular standard deviation of response
phase is calculated as follows (Batschelet, 1981; Zar,
1999)
r/ ¼ 180p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
cos/i
N
 2
þ
P
sin/i
N
 2s0@
1
A
vuuut
ð5Þ
where /i represents the phase diﬀerence between the
response in cycle i and the mean response vector. An-
gular standard deviation r/ so deﬁned ranges from 0 to
81 deg. If noise is constant, variability of response phase
decreases as response amplitude increases. This is shown
in Fig. 1c.ip with contrast. Impulse train of each cycle (example at top in (a)) was
and noise were calculated as in Eqs. (4) and (5); di and /i are the vector
response vector. (b) Noise is independent of the increase in response
contrast (c). For clarity, in this and subsequent ﬁgures only subsets of
H. Sun et al. / Vision Research 44 (2004) 19–33 233.2. Signal-to-noise ratio as a function of contrast and
temporal frequency
We explored the relation between noise, response
amplitude and contrast at diﬀerent temporal frequen-
cies. Fig. 2a–c shows real and imaginary Fourier com-
ponents for an on-center MC cell responses to gratings
(0.4 cpd) of various contrasts at three temporal fre-
quencies (2, 8 and 17 Hz). Line segments indicate mean
response vectors for each contrast and individual points
represent Fourier components for single cycles. For
clarity, only responses of 10 cycles are shown at each
contrast condition. Mean response vectors rotate
counter-clockwise as contrast increases, which is at-
tributable to action of contrast gain controls (Purpura,
Kaplan, & Shapley, 1988a; Purpura, Kaplan, & Shapley,
1988b; Shapley & Victor, 1981). As temporal frequency
increases, both the response amplitude (length of the
mean vector) and noise (size of the response cluster)
increase. At 2 Hz, the clusters of individual responses
are radially symmetrical at diﬀerent contrast levels.
However, at 8 and 17 Hz this is not the case, especially5%
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Fig. 2. Ganglion cell responses to 0.4 cpd gratings at various contrasts and te
at three temporal frequencies at three contrasts. Line segments indicate mea
Fourier components of single cycles. Scatter of points increases with temp
temporal frequencies, especially at low contrasts, the points do not form a
(solid symbols) and noise (open symbols) as a function of contrast for the sam
Naka–Rushton ﬁts to response amplitude, and dashed lines represent linearat low contrasts. This is due to the small number of
impulses generated during each cycle; for example, at 8
and 17 Hz at 5% contrast, stimulus cycles generated
zero, one or two impulses, so that the response distri-
butions are not continuous.
Fig. 2d shows the mean ﬁrst-harmonic amplitudes
and noise for the cell of Fig. 2a–c, and similar data for a
representative PC cell is found in Fig. 2e. The solid
symbols represent ﬁrst-harmonic amplitudes, and the
open symbols represent noise. The solid lines represent
Naka–Rushton ﬁts to the response amplitudes and da-
shed lines represent linear ﬁts to noise. The MC cell
responds more vigorously than the PC cell and shows
saturation at higher contrast levels. Noise is similar for
MC and PC cells and increases with temporal frequency.
It remains almost constant at diﬀerent contrast levels
despite the non-Gaussian distribution of response
components at 8 and 17 Hz.
Averaged MC and PC cell data as a function of
grating contrast for several drift rates are shown in
Fig. 3. Response amplitude (Fig. 3a) of MC cells in-
creases with contrast and shows some saturation, but75
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Fig. 3. Averaged response amplitude, noise and signal-to-noise ratio of 25 MC and 25 PC cells as a function of grating contrast. The grating spatial
frequency was ﬁxed at 0.4 cpd. Diﬀerent symbols represent data at diﬀerent temporal frequencies. Response amplitudes increase with contrast for
both MC and PC cells, although no signiﬁcant response is apparent in PC cells at low contrast. Noise remains constant at all temporal frequencies.
Signal-to-noise ratio increases with contrast.
24 H. Sun et al. / Vision Research 44 (2004) 19–33the saturation is less apparent in logarithmic coordi-
nates. PC cell responses are weaker (Fig. 3d). Noise
stays constant or decreases slightly with contrast (Figs.
3b and 3e) while signal-to-noise ratio increases with
contrast (Figs. 3c and 3f). The decrease of noise with
contrast may be associated with the increase in number
of impulses per cycle at high contrasts at low temporalfrequencies. Noise is lowest at low temporal frequencies,
and signal-to-noise ratio is highest at these frequencies.
The MC pathway is usually considered transient,
and the result that the signal-to-noise ratio was highest
at low temporal frequencies was unexpected (R€uttiger
et al., 2002). We checked that the result extended to lower
temporal frequencies at a range of spatial frequencies
H. Sun et al. / Vision Research 44 (2004) 19–33 25for a ﬁxed contrast (90%). Fig. 4a–c shows Fourier
components of an oﬀ-center MC cell cycle-by-cycle re-
sponses to gratings of various temporal frequencies at
three spatial frequencies. The mean response vectors
rotate clockwise as temporal frequency increases due to
response phase delays. Both response amplitude (the
length of the mean vector) and variability (the size of the
response cluster) increase with temporal frequency. At
17 and 26 Hz the distribution of responses is not radially
symmetric due to the limited number of impulses per
cycle. Figs. 4d and 4e shows the mean ﬁrst-harmonic
amplitudes and noise for the MC cell and a represen-
tative PC cell. For both cells, noise increases with tem-
poral frequency more rapidly than response amplitude.
Averaged data for MC and PC cells as a function of
temporal frequency for a series of spatial frequencies are
shown in Fig. 5. Response amplitude of MC cells in-
creases with temporal frequency more rapidly than that
of PC cells (Figs. 5a and 5d). Noise increases steeply as a1
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Fig. 4. Ganglion cell responses to 90% contrast gratings of various temporal
show results at three spatial frequencies. Line segments indicate mean respons
cycles. There is a similar increase of response scatter with temporal frequency
high temporal frequencies. (d–e) Mean ﬁrst-harmonic amplitude (solid symbo
MC cell as in (a–c) and a representative PC cell. For the MC cell, both the re
Hz, while the response amplitudes of the PC cell peak around 10 Hz and
increase.function of temporal frequency in a similar manner for
both cell types (Figs. 5b and 5e). For PC cells, signal-to-
noise ratio continuously decreases with temporal fre-
quency (Fig. 5f). For MC cells, despite their transient
responses, the signal-to-noise ratio remains highest and
constant at low temporal frequencies and decreases
above 4 Hz (Fig. 5c). Results were similar for all spatial
frequencies except at 3.2 cpd, where there is some at-
tenuation of response.
These data (Figs. 3b and 3e, and 5b and 5e) show that
the noise measure of Croner et al. (1993) increases with
grating temporal frequency. For maintained ﬁring at
least, and insofar as spike occurrence is a Poisson pro-
cess, this feature may be inherent in the fact that the
number of impulses per grating cycle decreases as tem-
poral frequency increases. In Figs. 6a and 6b mean
number of impulses per grating cycle is plotted against
temporal frequency. The number of impulses decreases
with temporal frequency with a slope of )1, with some1
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Fig. 5. Averaged response amplitude, noise and signal-to-noise ratio of 25 MC and 25 PC cells as a function of grating temporal frequency. Grating
contrast was 90%. Diﬀerent curves represents data at diﬀerent spatial frequencies. For both cell types, signal-to-noise ratio decreases with temporal
frequency. MC cells show maximal signal-to-noise ratio at low temporal frequency despite their transient responses.
26 H. Sun et al. / Vision Research 44 (2004) 19–33deviation at high contrasts. With this change in number
of impulses, it might be expected that for maintained
activity and at low contrast the noise measure should be
proportional to the square root of temporal frequency.
This is illustrated in Figs. 6c and 6d where noise from
Figs. 3b and 3e is plotted against number of impulses
per cycle; each frequency is plotted as indicated; the
points with lower number of impulses in each curve
represent lower contrasts. The line segments indicate
either a linear relation (slope of )1.0) or a square-root
relation (slope of )0.5). For MC cells, the low-contrast
points fall parallel to square-root line, while the high-contrast points fall parallel to the linear-relationship
line. For PC cells, the data fall between the two lines
(slope)0.60).
3.3. Model simulation
We tested if the features shown in the physiological
data are inherent in the statistics of spike trains or
whether some additional mechanism must be invoked.
We simulated ganglion cell’s responses to drifting grat-
ings with a spike-generating model (see Section 2). Spike
trains generated by the model were subjected to cycle-
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tude, noise, signal-to-noise ratio, and angular standard
deviation were computed as in physiological experi-
ments. For simulation of cellular responses to gratings
of diﬀerent temporal frequencies, we scaled the input
stimulus at each temporal frequency by varying con-
trast, c, as a function of temporal frequency until the
response amplitude showed appropriate low-temporal-
frequency roll-oﬀ as observed in physiological data. We
then used this set of stimulus contrasts to obtain sets of
curves which showed similar values to the physiological
data by varying free model parameters, i.e., time con-
stant s, threshold Vth and noise NðtÞ.
Model simulations for a MC cell responses to grat-
ings of various temporal frequencies are shown in Fig.
7a–c. With model ﬁrst harmonics adjusted to match
actual cells’ response amplitudes, noise and signal-to-
noise ratio of the model simulations showed similar
values to those of the physiological data. Model simu-
lation for a MC cell response to gratings of various
contrasts is shown in Fig. 7d–f. Again model simula-
tions show similar values to physiological measure-
ments. The simple model used here did not fully capture
the characteristics of spike trains, but it demonstrates
that the results in Fig. 2–5 can be a consequence of
impulse statistics; further mechanisms are not required.3.4. Variability in cells’ response phase as a correlate to
human vernier performance
The analysis of R€uttiger et al. suggested that the high
signal-to-noise ratio of MC cell responses at low tem-
poral frequencies is behaviorally utilized by central
mechanisms. We again considered this question in the
context of a vernier task. Cellular response phase is
likely to be the relevant parameter for coding spatial
location. The asymmetric distribution of responses
along radial and tangential directions when there are
few impulses (shown in Figs. 2 and 4) implies that this
variable is not linearly related to the noise measure. The
angular standard deviation of response phase was
compared to human vernier thresholds.
Figs. 8a and 8b shows mean angular standard devi-
ations of MC and PC cells’ responses as a function of
grating temporal frequency at diﬀerent spatial frequen-
cies. Variability of response phase of MC cells remains
similar up to 4 Hz and then increases. For PC cells,
angular standard deviations are greater than those of
MC cells by a factor of 3 (i.e., spatiotemporal accuracy
of the signal is lower) at the lowest temporal frequency
tested and then increase steadily. For both cell types,
curves for diﬀerent grating spatial frequencies superim-
pose up to 0.8 cpd.
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28 H. Sun et al. / Vision Research 44 (2004) 19–33It is possible that higher harmonic response compo-
nents could contribute spatial information. To investigate
this we reanalysed the data with a template-matching
procedure and correlated the cycle-by-cycle response with
a template which was derived from the smoothed aver-
age response (R€uttiger et al., 2002). The angular stan-
dard deviation of the maximal correlation positions
was similar to the results of the Fourier analysis at all
temporal frequencies. It would thus appear that higher
harmonic response components contribute little spa-
tial information. We also analysed the second-harmonic
Fourier components separately, and reached similar
conclusions.
Vernier thresholds for a pair of drifting gratings at 5
deg retinal eccentricity are shown for two subjects in Figs.8c and 8d. Spatial and temporal frequency and contrast
of the gratings were the same as in the physiological ex-
periments. For each spatial frequency, human vernier
thresholds remain constant up to 4 Hz, and then in-
crease with temporal frequency. This behavior resembles
the physiological data from MC cells. Although vernier
threshold curves superimpose at lower spatial frequen-
cies, they separate at higher spatial frequencies to a
greater extent than in the physiological data. The shape
of the psychophysical curves resemble the foveal data of
Levi (1996) but the curves for diﬀerent spatial frequencies
lie further apart in our results, despite scaling of grating
spatial frequency for the eccentricity used.
In Fig. 9, the physiological and psychophysical data
are replotted in a diﬀerent format. The ordinate is in
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H. Sun et al. / Vision Research 44 (2004) 19–33 29units of visual angle (arcmin) rather than grating spa-
tial phase (deg), and the abscissa is in drift speed (deg/
s) rather than temporal frequency (Hz). As in Levi’sdata, psychophysical vernier thresholds (Figs. 9c and
9d) at diﬀerent spatial frequencies are shifted both
horizontally and vertically compared to Fig. 8, so that
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contrasts. PC cells give little response at contrasts low than 20%, and show no saturation at high contrasts. Psychophysical vernier thresholds
decrease as contrast increases with a slope of )0.5 for observer HS and a slope of )0.7 for JK.
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low for gratings of higher spatial frequency, and in-
crease as the grating spatial frequency decreases. When
the drift speed is high enough, vernier thresholds for
diﬀerent spatial frequencies converge toward a straight
line. The response phase variability of both MC and
PC cells (Figs. 9a and 9b) show a similar pattern when
the plot axes are transformed in this way. As in Levi’s
study, we have drawn line segments of unity slope
which indicate a ﬁxed temporal delay between the two
drifting gratings; the line segments drawn in Fig. 9 are
for a 1 ms delay. The physiological data converge to
run parallel to this line, indicating there is a temporal
limit to the accuracy of the ganglion cell signal of a few
milliseconds independent of spatial frequency. Data
from our psychophysical measurements show a similar
convergence and are similar to those of Levi, but one
observer showed a slope shallower than unity, indi-
cating some dependence of the temporal limit on tem-
poral frequency.
The psychophysical data showed a similar pattern to
those of the MC-pathway cells in that spatial precision
remains stable over a range of lower temporal frequen-
cies and then deteriorates at higher temporal frequency.
The steady deterioration of PC cell’s accuracy with
frequency does not match the psychophysical results.
This result is consistent with the hypothesis that theinformation delivered by MC cells is utilized centrally
for this task.
Figs. 10a and 10b shows the angular standard devi-
ation of MC cells’ and PC cells’ responses to gratings of
various contrasts. Diﬀerent curves represent diﬀerent
temporal frequencies. For MC cells, the precision of
cellular responses improves as contrast increases with a
slope of )0.6 to )0.8 with some indication of a shal-
lower slope at high contrasts (Fig. 10a). There is no
indication of a plateau however. For PC cells, the
standard deviation is close to that of a random distri-
bution (81 deg) until grating contrast reaches 20%
(Fig. 10b), indicating the lack of response at lower
contrast levels. Comparison psychophysical vernier
thresholds are shown in Figs. 10c and 10d. For both
observers, vernier thresholds decrease as contrast in-
creases with for observer HS a slope of )0.5, and for
JK a slope of )0.7. JK found the task diﬃcult at 26
Hz. Psychophysical thresholds show a similar pattern to
spatial variability of MC cell responses in that both
decrease when contrast increases from 2.5% to 80%, but
slopes for psychophysical vernier thresholds are shal-
lower than those of physiological data. Positional sig-
nals from PC cells would not appear to be available until
high contrasts are reached, and even then precision is
low. This does not resemble the pattern of psycho-
physical data.
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4.1. Physiological results
We describe here the statistics of impulse trains
evoked in ganglion cells by moving grating stimuli and
estimate the spatial precision inherent in these re-
sponses. We conﬁrm earlier data (R€uttiger et al., 2002)
which showed that MC cells can deliver precise re-
sponses to slowly moving targets despite the transient
character of their responses. The broad resemblance of
the pattern of MC cells’ response phase variability to
that of human vernier performance over spatial and
temporal frequency and contrast suggests that infor-
mation delivered by MC cells is used by central mech-
anisms. However, although responses of the MC cell
population put some general constraints on the human
thresholds, there are some discrepancies as discussed
below, and further cortical processing is required to
explain the form of human psychophysical performance.
The simple model used here treated a ganglion cell as
a noisy leaky integrate-and-ﬁre device and did not at-
tempt to be a complete description of cellular behavior;
many features, such as refractory period and contrast
gain control, were missing, there were no temporal ﬁlters
and we did not consider the diﬀerent temporal proper-
ties of center and surround. Despite these deﬁciencies,
the model could capture the majority of features shown
in the physiological data, such as noise, signal-to-noise
ratio, and the spatiotemporal variability of spike trains.
The loss of radial symmetry in the clusters of the cycle-
by-cycle responses at high temporal frequencies was also
found in model simulations, as was the failure of some
stimulus cycles to evoke an impulse. It is likely that the
temporal limitation set by the model time constants led
to this behavior. These similarities indicate that the
physiological results are a straightforward consequence
of impulse statistics. Nevertheless, a full model for cell
behavior remains to be established.
MC cell responses tend to saturate with increasing
contrast (Benardete, Kaplan, & Knight, 1992; Lee,
Pokorny, Smith, Martin, & Valberg, 1990). The degree
of saturation is temporal frequency dependent for full
ﬁeld stimuli or gratings modulated in time (Benardete &
Kaplan, 1999; Nadig, Lee, Smith, & Pokorny, 1995).
With drifting gratings, no such temporal frequency de-
pendency is observed; curves at diﬀerent temporal fre-
quencies run parallel (Fig. 3a). The reason for this
interesting diﬀerence remains unclear.
At low temporal frequencies, so many impulses are
generated per cycle that response variability can be de-
scribed by Gaussian distributions. When few impulses
are generated per cycle, this is no longer the case and at
higher temporal frequency, the cluster of cycle-by-cycle
responses is no longer radially symmetric; there is more
variation in phase than response amplitude. In particu-lar, no impulse may occur for some cycles. For the array
of ganglion cells, this would mean that certain members
drop out. It is unclear whether cortical mechanisms
require speciﬁc techniques to cope with this form of
variability, or how this might aﬀect psychophysical
performance.
4.2. Comparison to psychophysics
The course of our parafoveal human vernier thresh-
olds as a function of temporal frequency resembled fo-
veal data (Levi, 1996). However, Levi’s foveal vernier
threshold curves superimposed for spatial frequencies
up to 5 cpd, but our parafoveal curves only superim-
posed up to 0.4 cpd. This diﬀerence cannot be fully ex-
plained by scaling of receptive ﬁeld size, which is
expected to change by a factor of 4 from 0 to 5 deg
eccentricity (Hubel & Wiesel, 1974; Rovamo & Virsu,
1979; Virsu & Rovamo, 1979). The curves for the
physiological results superimposed up to 1.6 cpd,
which would be consistent with the fourfold change in
ﬁeld size. There thus remains a shortfall in psycho-
physical performance. There is substantial psychophys-
ical evidence that vernier mechanisms are less acute in
parafovea than in central retina, even after magniﬁca-
tion factor is taken into account, and the diﬀerence be-
tween our and Levi’s data may be a consequence of this
(Levi & Waugh, 1994; Waugh & Levi, 1993a, 1993b).
When grating contrast is varied, parafoveal vernier
threshold curves resembled foveal data (Levi, 1996) in
that both improve with contrast. However, in fovea,
Levi showed vernier thresholds plateau at high contrast
with high temporal frequencies. We could not replicate
this with parafoveal viewing. The reason for this diﬀer-
ence is uncertain but it might be due to the very low
spatial frequency used in Levi’s experiment (0.08 cpd).
In any event, Levi proposed there may be two diﬀerent
mechanisms mediating vernier performance at diﬀerent
temporal frequencies which might have their origin in
retinal MC and PC pathways. Our physiological results
are not consistent with this proposal. Spatial precision
of MC cell responses increases monotonically with
contrast with no indication of a saturation plateau. PC
cells show low spatial precision, and yield little useful
spatial information at low contrasts (Fig. 10). Although
it is possible that pooling over many cells at a later stage
can improve the sensitivity of PC pathway, this would
be expected to be at the expense of reduced sampling
density and/or loss of phase information, which would
degrade spatial precision. The overall pattern of the
psychophysical data closely resembles that for the MC
pathway and we propose that this pathway provides the
substrate for this task, at least with the achromatic
stimuli used here.
Although the general pattern of MC cell behavior
appeared to closely correspond to the psychophysical
32 H. Sun et al. / Vision Research 44 (2004) 19–33results, there were some diﬀerences in detail. In partic-
ular, slopes of the contrast–threshold relations are
shallower for the psychophysical observers than for the
cell data, although there is some inter-observer vari-
ability. The slope for cell data is )0.8, and similar
slopes for cell responses are found for other stimulus
conﬁgurations (B.B. Lee, H. Sun, L. R€uttiger, unpub-
lished observations). For diﬀerent vernier tasks, the
slope of the relation of vernier threshold to contrast
appears to vary from )0.5 to )1.0 (Bradley & Skottun,
1987; Hu, Klein, & Carney, 1993; Krauskopf & Farell,
1991; Levi, 1996; Morgan & Regan, 1987; Wehrhahn &
Westheimer, 1990; Westheimer & Pettet, 1990; Wilson,
1986). Several factors may contribute to this diﬀerence;
for example, saturation of responses at later stages in the
visual pathway, or the presence of contrast-dependent
noise at a cortical level (Tolhurst, Movshon, &
Thompson, 1981), or contrast-dependent changes in the
spatial properties of central ﬁlters.
The correspondence between psychophysical and MC
cell physiological data suggests that central mechanisms
use information derived from these cells’ signals. How-
ever, cortical implementation of the method of analysis
used here, single cycle Fourier analysis, remains obscure.
Single cycle Fourier analysis requires a time window of
the whole cycle period, which was 2 s at the lowest
frequency tested. We repeated the physiological analyses
by using diﬀerent analysis windows for the template
analysis described above. This typically gave a noise
minimum or minimal angular standard deviation for the
frequency of which the cycle length corresponded to the
analysis window, and thus the analysis yielded results
quite unlike the psychophysical data.
Psychophysical critical duration for vernier tasks has
usually been found to be 50–100 ms (Morgan, Watt, &
McKee, 1983; Westheimer & McKee, 1977a). We mea-
sured critical duration with high-contrast gratings at 2
and 17 Hz. For both drift rates, critical duration fell
between 100 and 150 ms. We suggest that central
mechanisms can only achieve such short critical dura-
tions, while maintaining the sensitivity shown in the
psychophysical data, through some form of sophisti-
cated spatiotemporal ﬁlter that precisely analyses the
relation between the temporal activities of an array of
ganglion cells. A similar conclusion was reached by
Mechler and Victor (2000) on the base of psychophysi-
cal experiments. They showed that precise vernier dis-
criminations require a spatiotemporal analysis, rather
than a temporal discrimination alone. The actual form
such a spatiotemporal ﬁlter might take remains uncer-
tain. The fact that threshold curves for diﬀerent spatial
frequencies superimpose (at least in fovea) would sug-
gest the presence of either several mechanisms with
diﬀerent spatial scales, or some more ﬂexible mecha-
nism. Manipulation of the width and length of a grating
target may clarify this issue, but the ﬂexibility of corticalmechanisms in making best use of the retinal signal re-
mains impressive.Acknowledgements
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